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Abstract 
Sub-seabed represents a valid storage solution for anthropogenic carbon dioxide (CO)2 and it is the preferred 
target for carbon dioxide capture and storage (CCS) projects in several countries, including the UK and Japan, which 
do not have large onshore storage capacity. Moreover off-shore storage is now also being considered by other 
countries, including the USA specifically in the East Coast and Gulf of Mexico regions, for its larger storage potential 
and reduced interaction with human infrastructures as compared to inland areas. 
Storing large volumes of CO2 requires extreme attention to avoid any negative impact on the delicate marine 
environment and  therefore, reliable seepage detection and monitoring techniques are mandatory. 
In this paper, a small-scale laboratory experiment aimed at studying the interaction between CO2, sediments and 
water is described and compared with outcomes from the study of a submarine natural area where CO2 is emitted 
from the seafloor in shallow-water. 
The main findings are that the presence of even small levels of CO2 can be easily detected by the drop in pH in the 
presence of carbonate minerals with high buffering potential. In the natural emissions gas exchange between the 
rising bubbles and the surrounding water was observed. This is an important control factor in the diffusion of CO2. 
The emission points and the dimension of the bubbles showed a correlation with the granulometry of the sediments 
covering the seafloor. Comparable similar behaviours were observed in the laboratory experiment. 
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1. Introduction 
 
Offshore sediments represent one of the largest volumes potentially available within geological 
formations suitable for CO2 geological storage [1]. In sub-seabed storage, CO2 is injected under the 
seafloor using the same procedures that are applied for inland geological storage. The advantage of 
offshore storage is that the storage areas are generally far from human infrastructures and the water depth 
may act as a further isolating barrier. Moreover, the formation of solid hydrates of CO2 within the 
sediments may reduce the possibility of accidental seepage [2]. 
The importance of sub-seabed storage is even higher for countries that have limited inland storage 
areas, such as the UK [3] and Japan [4]. Sub-seabed storage is also considered a viable strategy for the 
USA [5] due to the large amount of available areas along its shores that are suitable for CO2 storage [6].  
Even if the overall procedure is considered reliable, the possibility of seepage from the reservoir, or 
more likely from parts of the injection and transport rig, is to be assessed because of consequences on the 
aquatic environment [7]. This is not limited to leaks from the offshore sub-seabed storage areas only; 
coastal zones can also be affected by eventual seepage from neighbouring inshore sites or from pipelines 
used for the transport of CO2 towards the injection area. 
The consequences of potential CO2 seepage are mainly induced modification of the water chemistry 
due to increased dissolved CO2 leading to an acidification of the environment [8]. This will likely have 
strong effects on the local biota; adverse consequences of ocean acidification due to the increased 
atmospheric levels of CO2 have already been observed [9].   
In case of failure in the injection well, a large release of CO2 is to be expected until the well is 
plugged; this can cause the mobilization of sediments in close proximity to the venting well affecting the 
stability of the injection rig in analogy with natural gas-blowout [10]. It is to be highlighted that since 
CO2 is not flammable, it will not cause explosions even if it reaches the surface. Moreover, depending on 
the environmental conditions at depth, CO2 could partially remain in the liquid phase consequently 
reducing the blow-out effect. 
Developing adequate detection and monitoring procedures for the prompt identification of any CO2 
seepage and quantifying the magnitude of its environmental impact are therefore some of the key 
strategies for any sub-seabed storage project; it is also a legal requirement that reliable monitoring 
techniques are in place [11]. 
 In this paper, an experimental approach using a lab-scale simulation of CO2 seepage through 
sediments and water is coupled with the field-study of submarine volcanic vents in shallow-water 
allowing the identification of the main physical and chemical parameters to be monitored for a prompt 
detection of CO2 seepage and to estimate the consequences of high levels of CO2 on aquatic 
environments.  
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2. Laboratory experiments 
 
The aim of the laboratory experiment was to simulate CO2 seepage through sediments and water in a 
controlled environment and at a small scale to be compared with a natural volcanic submarine degassing 
area described in section 3. 
2.1. Experimental environment  
A Perspex vertical column (2 m length, 0.4 m diameter) is the core of the laboratory equipment; the 
column was filled with sediments in its bottom section and with water in the remaining part. A series of 
ports in the lower section of the column allowed the use of pH meters and fluids sampler during the 
experiment (Fig. 1).  
Variable fluxes of CO2 were injected from the base inside the sediments through single or multiple 
nozzles generating bubbling vents at the interface between sediments and water. The injector system is 
placed in the centre of the column at 3 cm from the bottom inside the sediments. An inverted U shape is 
used to avoid clogging from sediments entering in its orifice. 
A multiprobe was used to monitor the main physical and chemical parameters (pH, T, electric 
conductivity, dissolved oxygen, redox potential) along the water column. Rhizon samplers were used for 
the collection of interstitial water from inside the sediments. Since the walls of the column are 
transparent, it was possible to film the mechanical effects of gas flow at the boundary layer between the 
column walls and sediments and through water. Details of the equipment design are described in 
Caramanna et al.[12-14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the laboratory apparatus illustrating the main components of the system 
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A series of experiments were performed injecting CO2 using artificial sand (crushed limestone 
mposed of calcium carbonate, CaCO3 >98%, and of 
granulometry between 2000 m and 600 m) as sediment bed, and tap water was used to fill the column. 
It is to be noted that the chemistry of seawater is different from that of the water used in the tests, and 
therefore the interpretation of the results should consider this difference. 
The CO2 fluxes ranged between 0.3 and 0.6 l/minute and the injection phase lasted up to 120 minutes 
followed by up to 12 days of recovery phase during which the trend in pH both in the interstitial water 
inside the sediments and through the water column was recorded daily. A flowchart of the laboratory 
procedure is shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Flowchart of the laboratory procedures where pH is used as example of the data collected during 
and after the CO2 injection 
2.2. Results 
During the CO2 injection a sharp decrease in the pH along the water column was observed. There were 
some diffrences between the pH values at the top and bottom of the water column was observed during 
the injection phase with the water at the top being slightly more acidic. This can be explained considering 
the following two phenomena: firstly, CO2 bubbles dissolve when they rise through water and therefore 
the pH is reduced by the increased dissolved CO2 in the top layers; secondly, there is certain level of 
water entrainment in the generated plume of bubbles and therefore a pseudo-convective cell is generated 
affecting the mixing of the inner core of the plume, which is more acidic, with the external water [13]. 
The interstitial water sampled inside the sediments was also affected by the CO2 injection with a sharp 
decrease of the pH within the first 10 minutes of the injection (Fig. 3). Moreover the total alkalinity 
 Giorgio Caramanna and M. Mercedes Maroto-Valer /  Energy Procedia  37 ( 2013 )  3403 – 3412 3407
highlighted a fast response of the calcareous sediment to the increased acidity leading to high rate of 
CaCO3 dissolution.
Fig. 3. pH evolution at the interface between sediments and water and 10, 20, 30 cm below the interface;
adapted from Caramanna et al. [14]
Once the CO2 injection was stopped, a recovery phase of the system was observed with the pH 
trending towards the pre-injection values (Fig. 4).
Fig. 4. pH evolution during the recovery phase at the interface between sediments and water and 10, 20,
30 cm below the interface; adapted from Caramanna et al. [14]
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The visual observations of the sediments along the walls of the column highlighted that the gas, mostly 
when finer sediments were used, accumulates inside the pore-space and progressively generates cavities 
before bursting at the surface. A certain degree of channelling was also observed with the gas following 
different paths inside the sediments before emerging at the interface with the overlying water. The 
resulting effect of gas accumulation and channelling was the formation of a pattern of vents at the 
sediment surface with few large emissions when coarse sediments were used and smaller diffuse bubbling 
from finer sediments. Similar trends were observed during the field-study as described in section 3. 
 
3. Field-study 
 
A shallow-water marine area characterized by a large number of degassing volcanic vents on the 
-seabed CO2 
storage sites [14]. This area is close to the volcanic island of Panarea (Aeolian Archipelago, Italy) and has 
been studied for volcanic monitoring purposes since 2002 when its underwater geothermal activity 
suddenly increased with emissions of large volumes of CO2 [15-16]. 
A recent investigation (September 2011) was focused on the study of some specific characteristics of 
the underwater emissions to be compared with the laboratory experiments. These included the 
relationship between sedimentary cover and type of emissions, variation of the gas composition through 
the water column and correlation between vents distribution and local structural setting. 
The field-observations and the sampling required scientific diving techniques; a complete description 
of the procedures is detailed in Caramanna et al. [17]. 
 
3.1. Gas plume characteristics and sedimentary cover 
 
Following the observed laboratory dependence of the gas emissions from the particles size, the field-
area was surveyed in order to identify similar trends. 
Two distinctive kinds of emissions were classified: large diffusive seepage and punctual bubble-
plumes emissions (Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Diffuse gas emission (left) and formation of a bubble-plume (right) 
 
The diffusive degassing areas are characterized by the presence of a sedimentary cover of coarse and 
fine sand with occasional gravel often inside sub-circular depressions on the seafloor that have also been 
 Giorgio Caramanna and M. Mercedes Maroto-Valer /  Energy Procedia  37 ( 2013 )  3403 – 3412 3409
identified by multi-beam and side-scan sonar survey [18]. The bubble-plumes are instead emitted from
areas covered by boulders and very coarse gravel. In one case (Fig. 5, left) the gas emission was strong
enough to dislocate much of the sedimentary cover originating a pseudo-crater structure, and following a
reduction in the emitted fluxes, the crater is progressively filling with sand [16].
3.2. Vents distribution and structural setting
In several cases in the areas covered by fine sand, it was observed that the gas was emitted along lines 
(Fig.6) over the sedimentary cover of the seafloor. A survey of the direction of these lineaments (Fig. 7)
identified their trends as mostly aligned NW-SE and NE-SW, which corresponds to the main tectonic and 
structural trends of the area [18].  It is therefore very likely that the gas follows the path of fractures in the
bedrock and then flows through the sedimentary cover of the seafloor originating a network of channels.
Fig. 6. Gas emissions along a lineament on the seafloor
Fig. 7. Direction of the main degassing lineaments observed in the area
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3.3. Variation of the gas composition through the water column 
 
The emitted gas is composed of up to 98% of CO2 [19] with an average value of 94% [20] determining 
a widespread acidification of the water column above the emissions. The diffusion of the more acidic 
and the thermocline, which acts as a boundary between the water layers below and above it. The observed 
reduction in pH is of about 0.25 units in the upper layers of the water column reaching a drop of 1.25 
units on the seafloor close to the vents [8]. 
A series of gas samples collected at different depths inside one of the bubble-plumes highlighted a 
sharp decrease in the CO2 concentration as opposed to a sharp increase in N2 within two meters above the 
vent (Tab. 1). This can be explained considering the high dissolution rate of CO2 in water whilst N2 has 
far less dissolution and therefore its % concentration will increase during the rising of the gas bubbles; 
moreover, a certain level of gas exchange between the bubbles and the gas dissolved in the surrounding 
water is to be considered (dissolution of CO2 and intake of N2). 
 
Table 1. Concentration of the main components of gas samples collected inside a bubble-plume 
 
Depth (m) CO2 (%) N2 (%) O2 (%) 
10 81 5 3 
8 13 70 1 
 
3.4. Consequences on the local biota 
 
From the field-observations it was clear that the extent of the acidified water is limited to the area 
directly affected by the presence of the volcanic vents on the seafloor with limited consequences outside 
the degassing zone. 
The vents also emit geothermal acidic fluids and sulphuric compounds [21] and this further affects the 
chemistry of the water and -forms such as sulphurbacteria which 
are not usually present in the area [22-23]. The presence of chemicals other than CO2 has therefore an 
evident impact on the ecosystem of the area. 
During the 2011 survey, a recovery of the ecosystem has been noted with algae (Caulerpa racemosa) 
Posidonia oceanica  the 
acidification of the water whilst the algae were more resilient to the modified chemistry.  
 
4. Conclusions 
 
The laboratory studies showed a fast response of the system to the presence of small seepages of CO2. 
Despite the use of calcareous sediments, which have high buffering potential, a clear acidification was 
measured. A recovery towards the initial conditions was observed but only after the injection of CO2 
stopped and, in the timeframe of the experiments, the initial values of pH were not reached. The use of 
sediments of different size highlighted a correlation between their granulometry and the behaviour of the 
emitted gas with large channelling inside the finest sedimentary cover. This result was confirmed from 
the field-study at a much larger scale. For a comprehensive understating of this phenomenon, which could 
play an important role in the detection of CO2 seepage from storage sites and on the stability of the 
seabed, further laboratory experiments (including gas analysis along the water column and eventually the 
development of meso-cosmos environments) and more detailed field observations (including the long-
trem influence of sea currents and tides on the CO2 distribution) are currently under way.  
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The samples of the gas collected at different heights above the underwater emissions clearly indicate 
gas exchange between the CO2 bubbles and the surrounding water with a strong decrease in CO2 
concentration during the bubbles rising. This is an important result for the understanding of the real 
impact of CO2 seepage on the environment indicating that in a real scenario it is likely that only a fraction 
of the CO2 will actually reach the surface, with the majority of it being dissolved in water.  
The chosen natural degassing area is a valid site for further developing detection and monitoring 
techniques for CO2 seepage and for the validation of experimental results. The presence of gases other 
than pure CO2 is to be carefully addressed when considering this area as natural analogue for sub-seabed 
CO2 seepage particularly for the impact on local biota. 
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